Of a large number of related compounds, including many of the naturally occurring deoxynucleosides, nucleosides, nucleotides, purines, and pyrimidines, thymidine is slightly effective in types II and III, and deoxycytidine is slightly inhibitory in all three types. None of the remaining compounds affects respiration significantly. With a few exceptions, there is a correlation between the extent of uptake of each deoxynucleotide in the three types and their ability to stimulate (or inhibit) respiration. The greater the uptake, the greater the enhancement of respiration. The less uptake, the greater the inhibition of respiration. In cell-free extracts of type I, dAMP also stimulates the oxidative decarboxylation of pyruvic acid. During this reaction, dAMP is phosphorylated to deoxyadenosine diphosphate (dADP) and to deoxyadenosine triphosphate (dATP). for many years were used in this investigation. Their designations are SVI (I), D39S (II), and A66 (III). Stock cultures were maintained on Difco Brain Heart Infusion (BHI) Agar plates supplemented with 5% defibrinated rabbit's blood. Strains SVI and A66 were subcultured every 14 days, and the less stable D39S was subcultured every 5 days.
It was reported previously (4) that a mixture of deoxyribonucleotides stimulated respiration of virulent pneumococci, but had no effects on respiration of avirulent pneumococci. When all four deoxynucleosides, orthophosphate, and an oligodeoxynucleotide fraction derived from a deoxyribonuclease-treated calf-thymus deoxyribonucleic acid (DNA) were added to the deoxynucleotides in cell suspensions of virulent cocci, a selective stimulation of DNA synthesis occurred which, at least in part, appeared to be dependent on the excess energy produced by the enhancement of respiration (3). This report further characterizes the effects of individual deoxyribonucleotides on respiration of virulent pneumococci and shows that different deoxynucleotides are taken up differentially by such cells.
MATERIALS AND METHODS
Organisms. Three encapsulated virulent strains of Diplococcus pneumoniae maintained in the laboratory 1 Recipient of a Public Health Service Career Development Award.
for many years were used in this investigation. Their designations are SVI (I), D39S (II), and A66 (III). Stock cultures were maintained on Difco Brain Heart Infusion (BHI) Agar plates supplemented with 5% defibrinated rabbit's blood. Strains SVI and A66 were subcultured every 14 days, and the less stable D39S was subcultured every 5 days.
Medium and preparation of cell suspensions for respiration studies. The large number of resting cells required for each respiration experiment were obtained by growth for 20 hr at 37 C in 2 liters of BHI broth containing 1% Difco Neopeptone. After this time, cells were collected by centrifugation at 20,000 X g in an International refrigerated centrifuge. The collected cells were washed four times with 0.02 M Na-K phosphate buffer (pH 7.5) and resuspended in 10 ml of this buffer. The optical density of the suspension was then adjusted to the desired Klett reading (200 at 500 m,) by further dilution with phosphate buffer. Usually, 0.8 ml of this suspension was added to the Warburg flask (see below).
Respiration studies. Effects of the various compounds on respiration were measured in the Warburg respirometer at 37 C by conventional methods (11) . Because of the accumulation of H202 by aerobically 1645 FIRSHEIN, ERICKSON, AND GARGAN metabolizing pneumococci, 0.005% peroxidase (Sigma Chemical Co., St. Louis, Mo.) was added to the flasks together with the cells in 0.02 M sodiumpotassium phosphate buffer (pH 7.5). Potassium hydroxide (0.2 ml of a 20% solution) was added to the center well to absorb C02, whereas the various energy sources and other compounds were added to the side arms of the flasks. Flasks were equilibrated for 10 min before tipping the manometers.
Carbon dioxide production was measured by the direct method (11) . Two flasks were prepared for each condition and tested as described above, but, in one flask, KOH was replaced by water. The difference in manometer readings between the two flasks was taken as a measure of the CO2 produced by the oxidation of the added substrate.
Preparation of cell-free extract. The washed cells (in 0.02 M P04 buffer, pH 7.5, containing 0.85% KCl) from 4.5 liters of BHI-Neopeptone broth were lysed by rapid freezing in a Dry Ice-acetone mixture and then thawing in a water bath at 45 C; this was done 10 times. After addition of buffer (10 ml), the suspension represented a 450-fold concentration from the original volume. The cell debris was centrifuged at 30,000 X g for 15 min at 4 C. The partially viscous translucent supernatant fluid was used immediately.
In manometric experiments, 1.0 ml of this cell-free extract was supplemented with MgCl2. 6H20, 8 mg/rnl; a phosphate transfer system consisting of creatine phosphate, 7.2 mg/ml, and creatine phosphokinase, 0.005 mg/ml; the substrate to be tested, 3 ,umoles/ml; and either adenosine triphosphate (ATP), 1 .25 mg/ml; deoxyadenosine triphosphate (dATP), 1.25 mg/ml; deoxyadenosine monophosphate (dAMP), 1.6 mg/ml; or adenosine monophosphate (AMP), 1.6 mg/ml.
Uptake of deoxyribonucleotides. Radioactive C14-deoxyribonucleotides were purchased from Schwarz Bio Research Inc., Orangeburg, N.Y. C'4-deoxyadenylic acid (specific activity, 30.6 mc/mmole), C'4-deoxycytidylic acid (specific activity, 12 mc/mmole), C'4-thymidylic acid (specific activity, 8.5 mc/mmole), and C'4-deoxyguanylic acid (specific activity, 24 mc/mmole) were diluted with their nonradioactive carrier deoxynucleotides to a specific activity of 0.29 ,uc/800 ,ug (in 0.2 ml) and were added to the side arms of Warburg flasks.
To measure cell-bound deoxyribonucleotide, the nucleotides were first tipped into the main compartment of the flask and were incubated at 37 C for various periods of time. Contents of the flask were removed quantitatively into a calibrated centrifuge tube and were diluted sixfold with cold phosphate buffer (0.02 M, pH 7.5). The cell suspensions were washed four times and were resuspended in 2 ml of the same buffer. A 0.9-ml amount of this washed suspension was placed on a stainless-steel planchet and dried at 60 C in an oven. Radioactive counts were made at infinite thinness in a windowless flow counter (Nuclear-Chicago Corp., Des Plaines, Ill.). No correction for self-absorption was necessary under these conditions, since the number of cells added to each planchet was approximately the same as judged by turbidity measurements of the remaining cell suspensions.
Extraction of incorporated C04-deoxyribonucleotides and measurement of DNA. After incubation for a specified time period with any of the C'4-nucleotides, cells were centrifuged in the cold and washed four times as described above. A sample of the cell suspension was plated and assayed to give the total amount of C"4-deoxyribonucleotide bound to the cells. The cells were then extracted four times with cold 5% trichloroacetic acid for 30 min at 4 C. The cell debris centrifuged after the last extraction was saved for DNA extraction and measurement as described previously (3) . A sample of the combined extracts was chromatographed by descending chromatography on Whatman no. 1 paper for 24 hr at 15 C in a solvent consisting of 1 N isobutyric acid, NH4OH, and 0.2 M sodium ethylenediaminetetraacetate (EDTA) (100:60:1, v/v/v). Known C14-deoxyribonucleotides were also chromatographed. The paper was cut into strips after drying and was scanned for radioactive areas by use of a Vanguard Chromatogram scanner, model 880, and the RF value of the unknown spot was compared with the RP of the known Cl'-deoxyribonucleotide.
RESuLTS
Initial experiments characterized the effects of deoxyribonucleotides on respiration of virulent pneumococci by (i) varying the experimental conditions, (ii) extending the effects to several pneumococcal types, and (iii) studying the effects of a large number of related compounds. Since the effects elicited by the deoxyribonucleotides differed in each strain, the results must be presented separately.
Response oftype I (SVI). Out of the large number of compounds tested (all the naturally occurring deoxyribonucleotides, deoxyribonucleosides, nucleotides, nucleosides, and purines and pyrimidines), only the purine deoxyribonucleotides produced a definite stimulation of respiration (Table  1 and Fig. 1 ). Their two deoxynucleoside derivatives, deoxyadenosine and deoxyguanosine, stimulated respiration slightly, whereas deoxycytidylic acid (dCMP), deoxycytidine, and thymidylic acid (dTMP) depressed respiration significantly. The stimulation of respiration by dAMP and deoxyguanylic acid (dGMP) occurred throughout the course of the experiment and increased both the rate and extent of oxygen uptake. Using a range of dAMP concentrations, we showed that the maximal effect on respiration occurred within a narrow range of purine deoxynucleotide concentrations (Fig. 2) . A concentration of 0.5 or 1 ,umole/ml exhibited no stimulatory effect on respiration, whereas increasing the concentration of dAMP to 1.5 jAmoles/ml produced a stimulation equal to 75% of the maximal response. When the glucose concentration was varied, a very narrow range of stimulation of respiration by dAMP was observed (Fig. 3) . Deoxyadenosine (Fig. 4) . The stimulation of respiration by dTMP occurred throughout the incubation period, and the rate of respiration, as well as total oxygen uptake, was increased. In this respect, dTMP acted similarly to dAMP in type I. However, in contrast to type I, dTMP enhanced respiration in type II in proportion to its concentration up to a level of 3 ,umoles/ml, and did not depress respiration when concentrations of glucose higher than 1.0 ,mole/ml were present [ Fig. 5a , b (compare with Fig. 2 and 3) ]. Of the remaining compounds tested (Table 1) , only thymidine elicited some stimulatory effect on respiration which was less than that produced by its phosphorylated derivative. Deoxycytidine produced some inhibitory effect, whereas the other compounds were ineffective.
Response by type III (strain A66). The response of A66 to deoxynucleotides was intermediate in comparison with types I and II. Deoxyadenylic acid stimulated respiration slightly, dGMP was ineffective in this respect, dCMP inhibited respiration, and dTMP stimulated the rate of respiration, but not the total oxygen uptake (Fig. 6) . Variations in the concentrations of dTMP or glucose produced effects similar to that described above for type II (Fig. 5a, b) . Of the remaining compounds (Table 1) , thymidine produced an interesting effect (Fig. 6 ). This deoxynucleoside stimulated total oxygen uptake, but not the rate of respiration, whereas, as stated previously, dTMP acted in an opposite manner. None of the nth,-.r rnmnmlinfl ti-tf>r1 nrnriillerf qnv iffirt-z nn VW1 191%,VSlllpVt respiration, e: hibitory.
Further an dCMP on re, Fig. 7a and b, these controls are without dCMP). Glucose concentration in 7a is 1.5 pimoles/ml; dCMP concentration in 7b is 5 p,moles/ml. Symbols: * = type I; \ = type ll; O = type III. these deoxynucleotides were present. In fact, dGMP depressed respiration slightly. However, the dTMP uptake was relatively quite significant, and this deoxynucleotide exhibited the greatest stimulatory effects on respiration of type II. With type III, the correlation was not as striking. Although purine deoxyribonucleotides were taken up to a greater extent than pyrimidine deoxyribonucleotides, only dAMP exhibited some stimulatory activity; dGMP was ineffective. In contrast, dTMP was more effective than dAMP in enhancing the initial rate of respiration, even though dTMP was taken up to a lesser extent than the purine deoxyribonucleotides. Nevertheless, the fact that dTMP uptake was greater in type III than in type I suggests that, in this context, there was a correlation between uptake and stimulation of respiration. Of importance was the observation that dCMP uptake was the lowest of all the deoxyribonucleotides in all three types, and, in fact, uptake could not be demonstrated in type II pneumococci. Figure 8 shows a typical uptake experiment in type I pneumococcus. The cells were capable of incorporating 13 and 10 times more dAMP, after 30 min, than dCMP and dTMP, respectively. Deoxyguanylic acid proved one-half as active as dAMP with respect to uptake. Omission of glucose from the suspending medium resulted in a complete inhibition of uptake of all deoxyribonucleotides.
Further characterization of the response of type I to dAMP. Because of the differential effects of the various deoxyribonucleotides on respiration of the three pneumococcal types, it was decided to investigate more thoroughly the mechanism of action of one of the stimulatory deoxyribonucleotides. Deoxyadenylic acid in type I was selected mainly because of the magnitude of enhancement, and because of its structural similarity to adenosine monophosphate (AMP).
It was found first that for every additional ,umole of oxygen consumed in the stimulation of respiration by dAMP, 2 /,moles of CO2 was produced (Table 4) deoxyribonucleotide. Since fluoride is known to inhibit the effects of the enzyme enolase, causing an accumulation of 3-phosphoglyceric acid, it was suspected that dAMP affected the activity of this enzyme or the activity of enzymes located after this step in the respiratory cycle. However, when the effects of dAMP were tested on the oxidation of various intermediates, such as 2-phosphoglycerate, pyruvate, acetate, formate, citrate, oxalosuccinate, and a-ketoglutarate, no stimulation of oxygen uptake was observed. In fact, very little oxidation of these intermediates was observed in whole-cell suspensions. As a result of this low general oxidation, the same experiments were performed in cell-free extracts. Of all the intermediates tested, only pyruvate gave a positive response to dAMP (Fig. 9a-d) . It can be seen that the addition of dAMP to cell-free extracts of type I containing pyruvate and ATP produced a slight increase in oxygen uptake after 20 min, in comparison with those extracts containing pyruvate and ATP alone (Fig. 9a) . However, the best response to dAMP was observed when ATP was omitted (Fig. 9b) . Under these conditions, the rate, as well as total oxygen uptake, was increased significantly over what was observed in the presence of ATP. When dATP was used in place of dAMP, the same stimulatory effects as those obtained with dAMP were observed (Fig. 9c) . Finally, AMP was incapable of stimulating oxidation of pyruvate over those levels obtained with ATP, but AMP was as effective as ATP in this respect (Fig. 9d) .
The possibility that dAMP was phosphorylated to dATP in the cell-free extracts during incubation was examined by adding C'4-dAMP to the cell-free extracts and by assaying for C'4-dADP and C14-dATP by methods described previously (5) . The results (Table 5) showed that a significant amount of dADP and dATP was synthesized by the cell-free extracts. However, these results a Procedures for preparing cell-free extracts were described in the Methods. dAMP kinase activity was assayed as described previously (Firshein, 1965 were obtained only in the presence of the phosphate transfer system (creatine phosphate, creatine phosphokinase) used in the assay mixture. No dADP or dATP was produced in the absence of the transfer system, and, under these latter conditions, dAMP was unable to affect pyruvate oxidation. DIscUSSION The results show that three deoxyribonucleotides (dAMP, dGMP, and dTMP) stimulate respiration in pneumococci. However, these deoxyribonucleotides do not affect respiration equally in the three types tested. Thus, whereas dAMP enhances respiration significantly in type I and slightly in type III, it fails to elicit a response in type II. In contrast, dTMP inhibits respiration in type I, but stimulates respiration in types II and III. dGMP is effective only in type I, and inhibits respiration slightly in type II. There is some correlation of this differential activity of the deoxynucleotides on respiration with the extent of their uptake by the three types, particularly with types I and II where the deoxynucleotide(s) taken up by the cells to the greatest extent are most effective in stimulating respiration. However, in type HI, although dAMP stimulates respiration and is incorporated to the greatest extent, the enhancement of respiration is slight, and much less than that exhibited by dTMP initially, which is incorporated to a lesser extent. There is also evidence that a correlation exists between low uptake and an inhibition of respiration. This is particularly noticeable with dCMP, which is taken up by the three types to a very low extent and which produces significant inhibitory effects on respiration of all three types. Moreover, the greatest inhibition of respiration occurs in type II pneumococci where uptake of dCMP can not be detected. Other examples of this correlation between low uptake of deoxyribonucleotides and inhibition of respiration are found in types I and II. dTMP is taken up to a low extent in type I, in comparison with the purine deoxyribonucleotides, and produces inhibitory effects on respiration, whereas dGMP acts in a similar way in type II (see Fig. 1 and 4, respectively) . The explanation for this inhibition may lie in the accumulation of unincorporated deoxyribonucleotides at the cell surface, which should prevent or compete with incorporation of needed metabolites such as glucose. This possibility is under investigation at present.
The question may be raised as to the reason for the differential uptake of deoxyribonucleotides by the three types, as well as within each type. This differential uptake may be due, in part, to the different composition and relative amounts of capsular polysaccharide present on the cell surface of each type. For example, it had been found previously (3) that decapsulated genotypically virulent type III cells incorporated deoxyribonucleosides far less efficiently than encapsulated type III cells. This correlation between the amount of capsule and uptake may also hold true for deoxyribonucleotides, since, in type II cells, which are the least efficient in uptake of deoxyribonucleotides of the three types, the amount of capsule per cell is less than that for types I and III (unpublished data). However, this does not explain the differential uptake of deoxynucleotides within each type, which may be due to specific attachment sites on the cell surface as well as to specific chemical groups in the capsule which bind one deoxyribonucleotide to a greater extent than another.
As far as the correlation between uptake of deoxynucleotides and enhancement of respiration, it may be that the incorporated deoxynucleotides can replace precursors of the usual high energy ribonucleotide derivatives, such as ATP, or possibly guanosine triphosphate and uridine triphosphate. Alternatively, such deoxynucleotides may act as cofactors for specific reactions in the respiratory cycle. The experiments with type I pneumococci provide support for both possibilities, but mainly for the former, and suggest that the reaction involved in the stimulation of respiration by dAMP is the oxidative decarboxylation of pyruvic acid. The observation that a critical concentration of dAMP is required before exhibiting its stimulatory effects on respiration in type I (Fig. 2) is suggestive of cofactor activity. Similar threshold effects were observed for AMP in stimulating nicotinamide adenine dinucleotide (NAD) isocitric dehydrogenase activity in yeast (7) . Further evidence for cofactor activity and for the involvement of dAMP in an oxidative decarboxylation reaction comes from the observed stoichiometry of 2 ,umoles of CO2 produced per ,umole of oxygen consumed when dAMP is added to type I cell suspensions containing glucose (Table 4 ). Identical 2:1 ratios were observed by Bernheim and Bernheim (1) when certain amino acids were found to accelerate the oxidative decarboxylation of pyruvic acid. The best evidence that pyruvic acid metabolism is affected by dAMP comes from the experiments with cell-free extracts (Fig.  9a-d) . In addition, these experiments suggest strongly that dAMP is phosphorylated to a high energy phosphate compound. This phosphorylation is shown (i) by the detection of dADP and dATP in the reaction mixture, (ii) by replacing dAMP with dATP and observing the same stimulation, and (iii) by demonstrating the requirement for a phosphate transfer system (creatine phosphate and creatine phosphokinase) in order for dAMP to exert its stimulatory effects. Whether the creatine-phosphate transfer system can operate directly by transferring its phosphate to dAMP, or whether there is some ATP in the crude enzyme extract or in the creatine phosphate sample that is the actual phosphate donor for dAMP, cannot be determined. Klenow and Anderson (9) found that a phosphate transfer system could operate directly on dADP without the presence of ATP. However, regardless of how the dATP is formed, and since the same kinase that phosphorylates ATP can also phosphorylate dATP (10), it is possible that dATP is more effective than ATP as a stimulator for pyruvate oxidative decarboxylation.
However, no direct participation of ATP has been reported previously in the oxidative decarboxylation of pyruvic acid (8). The energy-rich bond in this decarboxylation is retained in the thioester bond of lipoamide, where it is easily transferred to coenzyme A. Therefore, it may be that dATP (or ATP) is an activator for this reaction, or that the triphosphate is involved in transferring phosphate to thiamine pyrophosphate, an essential cofactor in the decarboxylation. This, and other possibilities, are now under investigation.
It is not yet known why there is a narrow range of dAMP-augmented respiration in the presence of various concentrations of glucose in type I, with concentrations of glucose below 1.0 Aumole/ml almost ineffective, and concentrations above 1.5 ,tmoles/ml increasingly inhibitory (compare Fig. 3 with Fig. 5b ). One possible explanation for the inhibition by high glucose concentrations is that, if pyruvate oxidation is the primary step affected by dAMP in the overall oxidation of glucose, it may be that concentrations of glucose higher than that producing maximal stimulatory effects with dAMP exert a catabolite repression in type I, shifting aerobic to anaerobic metabolism even in the presence of oxygen (2) . Such a shift could inhibit the effects of dAMP by inhibiting the synthesis of enzymes involved in the oxidative decarboxylation of pyruvate. However, this repressive effect would not explain the inability of dAMP to affect respiration significantly in the presence of low concentrations of glucose. Presumably, such low glucose concentrations are rate-limiting with respect to respiration, and it is this rate limitation, rather than dAMP, which controls the amount of pyruvate oxidized. Support for the idea that low glucose concentrations are rate-limiting comes from the observation that little stimulation of respiration occurs in all three types when the stimulatory deoxynucleotide is added to suspensions containing low concentrations of glucose (Fig. 5b) .
Although the mechanism of action of dTMP is probably different from that of dAMP, the effects of dTMP and thymidine in type III deserves special comment. It was observed (Fig. 6 ) that dTMP causes a larger initial increase in oxygen uptake (during the first 30 min) in suspensions containing glucose, whereas thymidine exerts its stimulatory effects only after 40 min. This result can be explained by the fact that a relatively small amount of dTMP is taken up by type III pneumococci ( Table 3 ), and that the intracellular concentration of free dTMP is quickly decreased by further incorporation into DNA. Thus, little or no dTMP may be available to stimulate respiration after 30 min. In contrast, thymidine is taken up in much larger amounts by type III pneumococci (6) , and, although a substantial portion of the thymidine pool is incorporated into DNA initially, a saturation level is soon reached after 30 min, and thymidine or its phosphorylated derivative produced by deoxynucleoside kinase activity begins to accumulate intracellularly, thus providing a reservoir to stimulate respiration. It is possible that this rapid incorporation of deoxynucleosides into DNA (as compared with deoxyribonucleotides) is responsible in part for the inability of deoxyadenosine and deoxyguanosine to enhance respiration to any great extent in type I pneumococci (Table 1) .
